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Abstract 

Glycoside hydrolases (GHs) cleave glycosidic bonds in glycoconjugates, 

oligosaccharides and polysaccharides such as cellulose and various 

hemicelluloses. Mannan is a major group of hemicelluloses. In higher plants, 

they usually serve as storage carbohydrates in seeds and tubers or as 

structural polysaccharides cross-linking with cellulose/lignin in cell walls. In 

industrial fields, this renewable biomass component can be used in various 

areas such as production of biofuels and health-benefit 

manno-oligosaccharides; and mannan degrading enzymes, especially 

mannanases, are important molecular tools for controlling mannan 

polysaccharides properties in biomass conversion.  

 

In this thesis, the evolution, substrate specificity and subfamily classification 

of the most important GH family, i.e., glycoside hydrolase family 5 (GH5), are 

presented providing a powerful tool for exploring GH5 enzymes in search for 

enzymes with interesting properties for sustainable biomass conversion. 

Additionally, three GH5_7 mannanases from Arabidopsis thaliana 

(AtMan5-1, AtMan5-2 and AtMan5-6) were investigated in the present study. 

Bioinformatics tools, heterologous expression, and enzymology were applied 

in order to reveal the catalytic properties of the target enzymes, increase 

understanding of plant mannanase evolution, and evaluate their potential use 

in biomass conversion. This approach revealed: (1) AtMan5-1 exhibits 

mannan hydrolase/transglycosylase activity (MHT), (2) AtMan5-2 preferably 

degrades mannans with a glucomannan backbone, and (3) AtMan5-6 is a 

relatively thermotolerant enzyme showing high catalytic efficiency for 

conversion of glucomannan and galactomannan making this plant mannanase 

an interesting candidate for biotechnological applications of digesting various 

mannans. Moreover, these studies suggest an evolutionary diversification of 

plant mannanase enzymatic function.  

 

Keywords: plant cell wall, biomass, hemicellulose, mannans, glycoside 

hydrolase, subfamily classification, Arabidopsis, mannanase, transglycosylase, 

enzymatic characterization. 

 
  

 



 

 

Sammanfattning 

Glykosidhydrolaser (GHs) klyver glykosidbindningar i glykokonjugat, 

oligosackarider och i polysackarider såsom cellulosa och olika former av 

hemicellulosa. Mannan är en av de vanligast förekommande typerna av 

hemicellulosa. Hos högre växter fungerar mannan som 

energilagringsmolekyler eller så har de en strukturell funktion där de 

tvärbinder till cellulosa/lignin i cellväggen. Mannan kan utgöra en betydande 

del av växtbiomassan och är ett intressant råmaterial för framställning av 

biobränsle och hälsobefrämjande mannooligosackarider. Mannan- 

nedbrytande enzymer kan användas som molekylära verktyg i bioprocesser 

för att ge mannanpolysackarider önskvärda egenskaper.   

 

I denna avhandling presenteras först en uppdelning av den stora och viktiga 

GH-familjen glykosidhydrolasfamilj 5 (GH5) i underfamiljer. Klassificeringen 

ger information om evolution och substratspecifictet som kan utnyttjas i 

jakten på nya enzymer med intressanta egenskaper för enzymatisk 

omvandling av biomassa. Dessutom har tre GH5_7 mannanaser från växten 

Arabidopsis thaliana (AtMan5-1, AtMan5-2 and AtMan5-6) detaljstuderats i 

den här avhandlingen. Med hjälp av bioinformatik, rekombinant 

proteinexpression och enzymologi har enzymernas katalytiska egenskaper 

kartlagts, vilket möjliggjort en utvärdering av deras användbarhet inom 

industriell bioteknik men också resulterat i en ökad förståelse för evolutionen 

av växtmannanaser. Arbetet med enzymkaraktäriseringen visar: (1) AtMan5-1 

kan fungera både som hydrolas och transglykosylas, (2) AtMan5-2 är mest 

aktivt på glukomannaner, och (3) AtMan5-6 är ett relativt värmestabilt 

protein som effektivt hydrolyserar glukomannan och galaktomannan, vilket 

gör det till en intressant kandidat för bioteknisk omvandling av olika 

mannantyper. Av studierna framgår att växtmannanaser har utvecklat och 

diversifierat de katalytiska egenskaperna.  

 

Keywords: växtcellvägg, biomassa, hemicellulosa, mannan, glykosidhydrolas, 

underfamiljklassificering, Arabidopsis, mannanas, transglykosylas, 

enzymatisk karaktärisering. 
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Introduction 

Arabidopsis 
Arabidopsis thaliana, also known as thale cress, belongs to the mustard 

family (Cruciferae or Brassicaceae), and was first discovered and introduced 

to plant science by Joseph Thal in 1577. It is a small annual plant flowering in 

spring time, and is widespread in Asia, Europe, and Northwestern Africa 

(Meyerowitz and Somerville, 1994). The genome of Arabidopsis is one of the 

smallest described genomes of higher plants (Meyerowitz and Pruitt, 1985), 

containing more than 25,000 genes which are further assembled into five 

chromosomes (I-V) (Kaul et al., 2000). A full-grown Arabidopsis plant is 

normally 15 to 20 cm high. Its primary tissues include roots, stems, leaves 

(1.5–5 cm long and 2–10 mm wide), flowers (2 mm long), and seeds (0.5 mm 

long) (Fig. 1). The roots have no symbiotic relationship with nitrogen-fixing 

bacteria and can be easily studied in culture. The leaves are generally utilized 

in the research of cellular differentiation and morphogenesis. Each flower 

consists of one silique-forming gynoecium, six stamens for bearing pollen, 

four petals inside the whorls, and four sepals outside the whorls. At maturity, 

one Arabidopsis plant can generate hundreds of siliques and produce over 

5000 seeds. 

 

 

Fig. 1: The image of Arabidopsis plant. 
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Arabidopsis – the prime model organism for seed plants 
Plant science has traditionally studied a broad range of agriculture species 

such as barley, maize, pea, rice and tomato. In the 1940s, the biologist 

Laibach (Europe) introduced Arabidopsis as a genetic model organism for 

plant research, and the biologist Rédei (United States) subsequently 

investigated this field in details (Meyerowitz, 2001; Somerville and Koornneef, 

2002). Since approximately thirty years ago, Arabidopsis has gradually 

become the prime genetic model organism for plants (Meyerowitz and 

Somerville, 1994; Fink, 1998). 

 

There are five major reasons why Arabidopsis is considered to be such an 

excellent genetic model organism for plants. 

 The ability to be cultivated in either petri plates or pots. 

 The very short life cycle. It only takes approximately six to eight weeks 

from seed germination to the first batch of seed production. 

 Numerous Agrobacterium-transformation protocols are available for 

Arabidopsis-based molecular analysis (Lloyd et al., 1986; Feldmann 

and Marks, 1987; Showalter, 1993). 

 Detailed physical and genetic maps of all the chromosomes in 

Arabidopsis were completed in the 1980s (Koornneef et al., 1983), and 

it was the first plant whose genome was fully sequenced (Kaul et al., 

2000). 

 Last but not the least, the Third International Arabidopsis Conference 

at Michigan State University, US in 1987 and the formation of 

Arabidopsis community in 1990 took a crucial role for Arabidopsis 

research development. The former one propagandized Arabidopsis to 

scientists around the world and promoted those scientists to study 

Arabidopsis instead of the other model organisms; and the latter one 

drafted the outline for Arabidopsis research development, which 

opened the golden era for Arabidopsis research. Since then, 

Arabidopsis-based research has been blooming in providing new 

insights in plant physiology, development and biochemistry. Today, 

with over 50 sequenced plant genomes, many researchers focus on 

other plant species, but still Arabidopsis as a reference genome with 

extensive tools and resources available is tremendously important for 

the plant biology community (Consortium, 2010). 

 

Techniques applied in Arabidopsis research 
In order to study physiological features and genetic interactions of 

Arabidopsis, a large number of techniques have been developed. These 

techniques are mainly related to gene expression analysis, proteomics, 

app:ds:propagandize
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heterologous expression and mutant analysis. The related important 

techniques are briefly described as below. 

 

Knowledge about when and in which tissues or cell types a gene is expressed 

provides clues of gene function. High-throughput microarray and RNA 

Sequencing (RNA-Seq) are two of the most powerful tools for functional 

genomics studies and have been widely applied in Arabidopsis gene 

expression analysis. In the last decade, microarrays was the main technology 

used in transcriptome analysis, while RNA-Seq, enabled by novel 

next-generation sequencing methods, provided a new path for gene 

expression analysis in recent years. Compared with the older microarray 

technology, RNA-Seq is independent of reference genome sequences and 

shows many advantages such as larger dynamic range and lower background 

noise, while high cost is the main drawback of this technology. Thus, both 

microarrays and RNA-Seq have been used in numerous transcript profiling 

studies in Arabidopsis (Baginsky et al., 2010; Schneeberger, 2014).  

 

Proteomics is large-scale analysis of protein expression and complements 

gene expression methods by showing where the gene product is present in an 

organism. Two dimensional electrophoresis (2DE) and mass spectrometry are 

two methods commonly used in proteomics, including Arabidopsis 

proteomics (Galland et al., 2012). 

  

Heterologous expression techniques provide a way for large-scale production 

of proteins of interest, so they can be further analyzed to reveal biochemical 

properties and 3D structures, which give hints to the function of protein. Thus, 

this method is valuable for detailed studies of individual Arabidopsis proteins. 

To date, recombinant Arabidopsis proteins have been successfully expressed 

in diverse organisms. The first expression host choice for producing a target 

protein is usually Escherichia coli (prokaryotic expression system) due to the 

low cost and fast growth rate of the microbe. An example of E. coli-produced 

Arabidopsis protein is the glutamatecysteine ligase which was expressed in 

large amounts in order to study the catalytic properties and enzymatic 

mechanism of the enzyme (Jez et al., 2004). Sometimes, eukaryotic proteins 

can be difficult to express in E. coli and may require post-translational 

modifications, such as glycosylation, to be properly folded and fully functional. 

In those cases, Pichia pastoris and Saccharomyces cerevisiae (eukaryotic 

expression systems) can be tested as alternative expression hosts. A 

xylosyltransferase and peptide transporter AtPTR1 are two Arabidopsis 

enzymes that have been successfully expressed in P. pastoris and S. cerevisiae, 
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respectively, to investigate their biological functions (Faik et al., 2002; 

Dietrich et al., 2004).  

 

Mutant analysis is a useful tool for analyzing gene functions in Arabidopsis. 

Briefly, mutants can be made by disrupting the expression of the gene of 

interest (loss-of-function or knockout mutant) or you can overexpress a target 

gene by inserting it under the control of a strong promoter. The function of 

the gene can be identified by comparing the phenotypes of the mutant and the 

wild type. To date, Arabidopsis mutants has been widely used in investigating 

genes closely associated with flowering time, root growth and seed 

germination rate, etc. (Blázquez, 2008; Doerner, 2008; Lee and Zhu, 2010). 

Recently, mutant analyses of Arabidopsis mannanase genes suggested a 

crucial role of Arabidopsis mannanase 6 (AtMan5-6) in seed germination 

(Iglesias-Fernandez et al., 2011). Conveniently for plant biology scientists, 

mutant seeds can be easily accessed. In 1991, two large Arabidopsis seed stock 

centers were established: one was the Arabidopsis Biological Resource Center 

(ABRC) located in the US and mainly supported by the National Science 

Foundation, and the second center was the Nottingham Arabidopsis Stock 

Center (NASC) in the UK primarily funded by the Biotechnology and 

Biological Sciences Research Council. These seed stock centers are 

responsible for acquiring, preserving and providing Arabidopsis seeds and 

gene-related resources for the worldwide Arabidopsis research community. 

To date, they hold hundreds of thousands of stocks of Arabidopsis seeds (this 

number is increasing rapidly) and T-DNA mutants of most Arabidopsis genes. 

Additionally, RIKEN, an international and comprehensive institute, provides 

Arabidopsis full-length cDNAs and gain-of-function mutants to researchers. 

Moreover, The Arabidopsis Information Resource (TAIR) database plays an 

essential role in supplying genetic and molecular biology information of 

Arabidopsis. 

 

Plant cell wall physiology 
Plant biomass is our major renewable source of foods, energy and raw 

materials. All plant cells are surrounded by a polysaccharide-rich matrix 

known as the cell wall which occupies approximately 50% of plant biomass 

(Doblin et al., 2010). Plant cell wall polysaccharides represent the major part 

of the cell wall biomass and are utilized in biofuel, paper, food and 

pharmaceutical industries (Kunzek et al., 2002; Sriamornsak, 2003; Sticklen, 

2008; Himmel and Bayer, 2009; Nadirah et al., 2012). Biologically, the plant 

cell wall is a highly dynamic and complex structure having various roles 

during plant growth, development, defense and response to environmental 

stresses. Usually, the wall is divided into two categories, namely primary cell 

wall and secondary cell wall, while some gymnosperm xylem tracheids may 
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have a thin tertiary cell wall with xylan as the major component (Reddy and 

Chary, 2003). The primary wall is formed at the initial stage of cell 

differentiation. When extra structural support is needed, a secondary wall is 

produced on the inner side of the primary wall. The primary and secondary 

walls are diverse in structure, organization and composition, reflecting 

different functions.  

 

Cell wall structure  
The primary cell walls of plants are formed by growing cells under the 

pectin-rich middle lamella which is formed after cell division. The 

morphology and thickness of primary cell walls are dependent on the source. 

In most cell types, they are architecturally simple and thin structures (one 

layer: between 0.1 and 1.0 μm thick), while the primary walls of collenchyma 

or epidermal cells maybe multilayered and thicker (Leroux, 2012). Primary 

walls have many important functions such as provision of structural and 

mechanical support, determination and maintenance of cell shape, regulation 

of internal turgor pressure, and protection against pathogens and dehydration. 

Additionally, they provide plasticity allowing cell expansion and cell division 

during growth. Primary cell walls with irregularly orientated cellulose 

microfibrils are classified into three types according to chemical composition: 

Type I, II and III primary walls. Type I walls, found in non-commelinoid 

monocotyledons (monocots), dicotyledons (dicots) and gymnosperms, consist 

of approximately equal amounts of cellulose and cross-linking xyloglucan (Fry, 

2004). The cellulose-xyloglucan framework is embedded in a pectin-rich 

matrix in which three types of pectin (homogalacturonans, 

rhamnogalacturonan I and rhamnogalacturonan II) are covalently interlocked 

with each other. Type II walls, found in commelinoid monocots and poales 

(McCann and Carpita, 2008), are characterized by cellulose microfibrils with 

the same structure as Type I walls but using mixed-linkage 

β-glucans/glucuronoarabinoxylans as the key glycans to cross-link these 

microfibrils by hydrogen bonds. This cell wall type contains high levels of 

phenylpropanoids that provide extensive interconnecting networks mainly 

after the cessation of cell expansion. Type II walls also have a low amount of 

xyloglucan without arabinose and fucose decorations, and pectin with a 

similar structure as those in dicots. The recently described Type III walls, 

found typically in the leaves of many ferns, have mannans as the major 

cross-linking glycan, occupying more than 40 mol% of the cross-linking 

glycan containing fractions from the examined samples (Silva et al., 2011). 

Similar to Type II walls, Type III walls have low content of pectin 

polysaccharides. Currently, there is a strong interest in investigating the 

structure and organization of primary walls because they are fundamental 

components of plant-derived foods such as fruits and vegetables (Harris and 

Smith, 2006). 
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The secondary cell walls of plants are formed after cell expansion and 

elongation between plasma membranes and primary cell walls. They surround 

highly specialized cells such as vessel elements and fiber cells in dicots. With 

the formation of secondary walls, cell walls become thicker, stronger and less 

flexible. In fact, their contribution to plant biomass is much higher than 

primary walls. Usually, secondary walls are divided into three layers known as 

S1, S2 and S3 (Timell, 1986) (Fig. 2), where the cellulose microfibrils are 

strictly ordered in parallel orientation with different angles. The outer layer S1 

is the thinnest layer representing only 5-10% of the total thickness of the cell 

wall. This layer is 0.1–0.35 µm thick with a cellulose microfibril (MF) angle of 

60°–80°. The middle layer S2 is the thickest layer (1–10 µm) accounting for 

up to 75-85% of the total cell wall thickness. Since S2 is the most voluminous 

layer, it is also the most important cell wall layer in determining the cell wall 

properties. The MF angle of this layer is between 5°and 30°, and the angle can 

significantly affect the physical and mechanical properties of the cell. Interior 

to the S2 layer is the thin S3 layer (0.5–1.10 µm) with a MF angle in the range 

of 60°–90° (Plomion et al., 2001). Secondary walls from hardwoods (woody 

angiosperms) and softwoods (conifers) are very important raw materials for 

the production of paper, textiles, timber and fuel (Pauly and Keegstra, 2010; 

Wang and Dixon, 2012). 

 

 

Fig. 2: General three dimensional structure of the secondary cell wall. The MF 

angles of cellulose microfibrils are drawn by black lines.  
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Cell wall composition 
Primary walls extracted from higher plant cells typically consist of 20-30% 

cellulose, 30-70% hemicelluloses, 5-35% pectins, up to 5% glycoproteins (Taiz 

and Zeiger, 2002) and minute amounts of other components such as phenolic 

esters (O’Neill and York, 2003; Vogel, 2008). Secondary walls of hardwoods 

and softwoods generally contain 35-50% cellulose, 20-50% hemicelluloses, up 

to 20% lignin along with smaller amounts of pectins, proteins and extractives 

(O’Neill and York, 2003; Vogel, 2008). However, the components and their 

proportion in cell walls may vary among plant species, different tissues in the 

same species and even in cell type varieties of the same plant, suggesting their 

diversification in the evolutionary process. For example, poplar wood is 

composed by 48% cellulose, 27% hemicelluloses and 21% lignin, but pine 

wood consists of 41% cellulose, 27% hemicelluloses and 29% lignin (Timell, 

1967). 

 

Cellulose is the most abundant and characteristic polysaccharide in the 

plant cell wall. There is approximately 180 billion tons of cellulose being 

produced by plants every year globally. This carbohydrate is synthesized by 

cellulose synthases at the surface of plasma membrane with the cellulose 

microfibrils being deposited directly into the extracellular matrix (Somerville, 

2006). Cellulose and cellulose microfibrils are chemically stable, insoluble 

and resistant to enzymatic digestion. The cellulose molecule is a linear 

β-1,4-linked glucan chain including 500-14,000 glucose residues. The 

disaccharide cellobiose is regarded as the repeating unit of cellulose, because 

every other glucose residue is rotated 180 degrees along the glucan chain axis. 

Each chain is stabilized by intra molecular hydrogen bonds, and about 40 

chains connect to each other by extensive intermolecular hydrogen bonds 

between hydroxyl groups in overlapping parallel arrays to form the highly 

ordered cellulose microfibril. The microfibril is a crystalline or 

semi-crystalline lattice, usually a few micrometers long and 4–10 nm wide 

(Mccann et al., 1990), although in algae the width of some microfibrils can 

reach up to 30 nm (Preston, 1974). The microfibrils are able to support a 

highly tensile and compressive force, in a manner that is comparable to the 

functionality of steel. These microfibrils are consequently assembled to form 

larger fibers (Brett and Waldron, 1996). Products such as paper, rayon and 

cellophane are based on rather intact cellulose fibers, but for lignocellulosic 

bioethanol (second-generation bioethanol) complete degradation of cellulose 

to glucose monosaccharides are required. Gratifyingly, enzyme cocktails for 

lignocellulosic biomass are commercially available, and the first 

second-generation bioethanol production plant opened in Italy 2013. 
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Hemicelluloses are found in both plant primary cell walls and secondary 

cell walls, in which they usually tightly bind onto the surface of cellulose via 

hydrogen bonds and perhaps take important roles in the regulation of cell 

wall strength and porosity. Mannan, xylan, mixed-linkage β-glucan and 

xyloglucan are examples of common plant cell wall hemicelluloses (Timell, 

1967; Trethewey et al., 2005). In primary walls, xyloglucan is the main 

hemicellulose in dicot plants, while glucuronoarabinoxylan and mixed linkage 

β-glucans are the principle hemicelluloses of grass species. Glucuronoxylan is 

the dominant hemicellulose in secondary walls of both dicot plants and 

grasses, whereas acetylated galactoglucomannan is the major secondary wall 

hemicellulose in gymnosperms (Pauly and Keegstra, 2008). Uniquely, larch 

woods have arabinogalactan as their main hemicellulose (Ek et al., 2009). 

Hemicelluloses are characterized by a typical β-1,4-linked backbone. They are 

often branched polymers constructed from various 5- and/or 6-carbon sugars 

together with acetyl groups. Generally, glucose, xylose, and mannose are the 

major monosaccharides found in the backbone of hemicellulose, whereas 

arabinose, galactose, fucose and certain uronic acids (e.g. glucuronic acid and 

galacturonic acid) are located in the side chain. Virtually, all hemicelluloses 

are more soluble in alkali solutions than in water. Those including acids in 

their side chains are slightly charged and hydrophilic, and the ones containing 

hexoses and uronic acids are more easily digested by bacterial enzymes than 

the other hemicelluloses (Southgate et al., 1976). Similar to cellulose, the 

hemicellulose portion of biomass can be degraded to fermentable sugars by 

enzymatic hydrolysis and used for bioethanol production. Today, even 

pentoses can be fermented by novel yeast strains (Fernandes and Murray, 

2010; Oreb et al., 2012). However, it is clear that more efficient hemicellulases 

(glycoside hydrolases) are needed to make lignocellulosic bioethanol 

(second-generation bioethanol) economically competitive.   

 

Pectins are a mixed group of various branched and highly hydrophilic 

polysaccharides, which are the main components of the middle lamella and 

Type I primary cell walls. Pectins and hemicelluloses are believed to associate 

with each other forming a hydrated gel in which cellulose microfibrils are 

embedded (Darley et al., 2001). Pectins have many functions, for example, to 

regulate pH and ion balance, limit wall porosity and form connection between 

cells. Additionally, they can act as recognition compounds in plant defense 

and symbiotic systems (Buchanan et al., 2000). The backbones of pectin 

polymers are formed by galacturonan and rhamnogalacturonan, and the 

galacturonan part mainly consists of α-1,4-linked D-galacturonic acid units. 

Pectic polysaccharides are grouped into three major classes: 

homogalacturonan (HG), rhamnogalacturonan-I (RG-I) and substituted 

galacturonans (SG) (O'Neill et al., 1990; Visser and Voragen, 1996). HG is a 

partly methyl-esterified linear polysaccharide with a backbone of 1,4-linked 
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α-D-galactopyranosyluronic acid (GalpA) residues. Additionally, the C-3 or 

C-2 positions of some HG polymers are O-acetylated in certain plant species 

(Ishii, 1997). RG-I is a highly branched polysaccharide with the repeating 

disaccharide [→4)-α-D-GalpA-(1→2)-α-L-Rhap-(1→ ] as the main chain 

which may have O-acetylated GalpA residues at C-2 and/or C-3 positions 

(Komalavilas and Mort, 1989). The side chains of RG-I are formed from 

various neutral sugars such as arabinose and galactose attached by various 

linkages to rhamnose residues of the main chain. SGs have, like most other 

types of pectins, linear 1,4-linked α-D-GalpA backbones but with substituted 

galacturonan side chains (O'Neill et al., 1990). Rhamnogalacturonan-II and 

xylogalacturonans are examples of two well-known pectic polysaccharides in 

the SG group. In contrast to cellulose and hemicellulose, pectins are not 

considered to be useful raw materials for bioethanol production, because of 

their low abundance in the secondary walls of dicot plants and grasses. 

However, due to the ability of pectins to aggregate, they are widely used as 

gelling agents in food manufacturing (especially in the production of 

marmalades, jams and jellies). 

 

Lignins are highly complex and hydrophobic molecules found in both the 

middle lamella and secondary cell wall. Lignin deposition starts in the region 

of middle lamella and continues inwards the cell wall. These hard and 

hydrophobic biopolymers are space fillers in the cell wall in between the other 

wall components, making the cell wall waterproof. The major function of 

lignin is to make the wall rigid and durable in order to protect the wall against 

physical or biological attacks (Li and Chapple, 2010). Lignin polymers are 

built up from three different polyphenolic precursors (coumaryl alcohol, 

coniferyl alcohol, and sinapyl alcohol) through covalent and noncovalent 

bonds (Grima-Pettenati and Goffner, 1999). Based on the composition, lignins 

are classified into three major types, i.e., softwood lignin, hardwood lignin 

and grass lignin (Ek et al., 2009). Softwood lignin in conifers usually contains 

large amounts of coniferyl alcohol as well as some coumaryl alcohol, whereas 

hardwood (angiosperm trees) lignin generally consists of coniferyl alcohol and 

sinapyl alcohol with a ratio of approximately 1-3:1. Unlike wood lignins, grass 

lignin is formed from all three precursors, and the content of coumaryl 

alcohol in grass lignin is higher than that of wood lignins. Previously 

considered a waste material, utilization of lignin in many industrial areas are 

now underway. Some current lignin uses include: additive to concrete, 

adhesives, resins and binders, and plastics/polymers (Stewart, 2008). 

 

In addition to carbohydrates, a wide variety of proteins accommodate in plant 

cell walls as well. Probably several hundreds of different proteins are cell 

wall-localized (Showalter, 2001). These wall proteins are assigned into two 
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groups: structural proteins and functional proteins (Showalter, 1993). 

Structural proteins are found throughout the plant cell wall and are especially 

abundant in the primary wall. These proteins have been divided into major 

classes based on their characteristic amino-acid composition: 

hydroxproline-rich glycoproteins, glycine-rich proteins, proline-rich proteins 

(Ringli et al., 2001). Compared to structural proteins that principally reinforce 

the polysaccharide networks, functional proteins such as oxidative enzymes 

and hydrolytic enzymes are more involved in cell development, cell expansion, 

cell wall maturation and pathogen protection (Vaaje-Kolstad et al., 2010). 

 

Mannans 
Mannans are a set of non-crystalline hemicelluloses that exist in various 

organisms such as bacteria, fungi and plants. In plants, mannans are located 

in the cell wall of different types of cells and tissues (Meier and Reid, 1982). In 

Arabidopsis, mannans are present in low amounts in most tissues, while they 

are relatively common in flower, silique, leaf and inflorescence stem. 

Mannans epitopes are especially abundant in interfascicular fibers and xylem 

elements in the inflorescence stem (Handford et al., 2003). However, it is still 

not clear which types of mannans are present in different Arabidopsis tissues, 

although it has been reported that glucomannans are present in inflorescence 

stem and seed coat mucilage, and putative pure mannan synthesis genes have 

been identified in Arabidopsis (Handford et al., 2003; Liepman et al., 2010; 

Verhertbruggen et al., 2011; Kim and Daniel, 2012; Yu et al., 2014). Currently, 

mannans have gained increasing interest in both academic and industrial 

research based on an increasing demand for efficient utilization of renewable 

resources for sustainable development. This is due to not only the important 

role of these polysaccharides in plant cell wall formation (Whitney et al., 1998; 

Handford et al., 2003), but also that these polysaccharides are unexploited 

resources of raw material that can be used in many industrial fields including 

biofuel production, food and feed industries (Yamabhai et al., 2014). 

 

Mannans function and classification 

-mannans 

-mannans have backbones consisting of β-1,4-linked mannose residues, and 

β-1,4-linked mannosyl and glucosyl residues can presumably be randomly 

distributed in backbones of heterogeneous mannans (McCleary et al., 1985). 

Additionally, mannose residues in the main chain can be grafted by 

α-1,6-linked galactoses creating branched mannans. According to the main 

chain composition and the side chain substitution, these mannans are 

typically classified into four major groups: pure mannans, glucomannans, 

galactomannans, and galactoglucomannans. These mannan types mainly 
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function as seed storage and/or structural components (Matheson, 1990). In 

legumes, galactomannan as a seed storage component occupies approximately 

up to 30% of the seed dry weight (Buckeridge, 2010). In the Type III primary 

cell wall of many ferns, structural mannans function as a cellulose 

cross-linking hemicellulose, playing a role that xyloglucans and 

glucuronoarabinoxylans have in another plants (Rodriguez-Gacio Mdel et al., 

2012). In conifers, galactoglucomannan is the main structural mannan found 

in the secondary cell wall. (Rowell et al., 2005). Besides their function as 

storage and structural saccharides, mannans also have an important role as 

signaling molecules in plant cell differentiation (Benova-Kakosova et al., 

2006).  

 

Pure mannan is usually present in the seed endosperms of non-leguminous 

plants such as ivory nut (Phytelephas macrocarpa) and tomato (Solanum 

lycopersicum) (Toorop et al., 1998; Moreira, 2008). This mannan type can 

also be found in the seeds of pinho cuiabano (Schizolobium amazonicum) 

which belongs to the Leguminosae family (de O Petkowicz et al., 2001). In 

pure mannan, the linear chain contains only β-1,4- linked D-mannosyl 

residues (Fig. 3). This mannan is insoluble in water, and thus mainly acts as 

structural hemicellulose in these plant tissues and takes an important role in 

resisting mechanical damage (Toorop et al., 1998; Moreira, 2008). Pure 

mannan extracted from ivory nut can form two different kinds of crystals: 

mannan I (also called mannan A) and mannan II (also called mannan B). The 

major differences between the two fractions are: solubility, degree of 

polymerization (DP) (Aspinall et al., 1953; Meier, 1958) and morphology 

(Meier, 1958; Charrier and Rouland, 2001). Mannan I is highly crystalline 

with low molecular weight. This mannan polymer can be dissolved in 6% 

(w/w) sodium hydroxide solution (Chanzy et al., 1984; Chanzy et al., 1987). In 

contrast, mannan II is less dense and crystalline, and is characterized with a 

high molecular weight (Mackie and Sellen, 1969). It is insoluble even in high 

concentrated sodium hydroxide solution (Chanzy et al., 1984; Millane and 

Hendrixson, 1994).  

 

 

Fig. 3: Pure mannan structure. 
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Galactomannan is a water-soluble polysaccharide and the major 

hemicellulose in the seeds of leguminous plants, while it is also present in the 

seeds of a few non-leguminous plants such as Cocos nucifera and Elaies 

guineensis (Nishinari et al., 2007). In these plant seeds, galactomannan has 

function not only in providing energy for seed germination, but also in 

preventing the seeds from drying by retaining water avoiding denaturation of 

proteins important for germination. (Dey, 1978; Moreira, 2008). In 

galactomannan, the backbone is formed by β-1,4-linked D-mannosyl 

substituted by α-1,6-linked galactosyl as side group (Fig. 4). This mannan is 

soluble in water, and its solubility is affected by the number of hydrophilic 

galactoses attached to the main chain. Three of the most commercially 

important galactomannans are carob galactomannan from carob or locust 

bean tree (Ceratoniasiliqua), guar gum extracted from guar bean 

(Cyamopsistetragonoloba or Cyamopsispsoraloides) and tara gum isolated 

from tara tree (Caesalpiniaspinosa). Carob galactomannan, known as 

carob/locust bean gum (E-number: 410), is mainly extracted from the seed 

endosperm of carob tree which has its natural habitat in the Mediterranean 

region. Normally, 100 g/kg seeds (pod weight) contain roughly 320-400 g/kg 

highly purified carob galactomannan. Carob gums are utilized as gelling 

agents in food industry, e.g. ice cream and ketchup. The typical carob 

galactomannan has a mannose/galactose substitution level at 4:1 (McCleary 

and Matheson, 1975), and is viscous and relatively stable in different pH 

solutions. Guar gum (E-number: E412), the major alternative to carob 

galactomannan, is isolated from seeds of the guar tree, a tree abundantly 

cultivated throughout northwestern India, Pakistan and the US. The yield of 

guar is approximately 150000 tons per year in the world, and about two thirds 

originate from Pakistan. Since the price of commercial guar is cheaper than 

carob, it is broadly used in cattle feeding and gum production to coat/stiffen 

paper. Recently, this gum has found use in hydraulic fracturing (fracking) of 

oil. Guar gum has a mannose:galactose substitution level of 2:1 (McCleary and 

Matheson, 1975). Tara gum (E-number: E417) is obtained from the tara bush 

which is grown mainly in Ecuador, Peru and East Africa. This mannan is 

commonly utilized in food industry to control ice crystal growth in frozen 

desserts and to improve the gel structure of meat based products. The 

viscosity of tara gum is similar to that of carob and guar gum in cold solution, 

but it has a higher viscosity compared to these two kinds of galactomannan in 

heated solution. Typically, tara gum has a mannose:galactose ratio of 3:1 (Dea, 

1993).  
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Fig. 4: Galactomannan structure. 

 

Glucomannan is found as a minor structural hemicellulose in hardwoods 

and grasses (Scheller and Ulvskov, 2010). It has been suggested that 

glucomannan and xylan form a polysaccharide network closely associated 

with cellulose. Glucomannan is a linear chain composed of D-mannosyl and 

D-glucosyl residues which are connected to each other by β-1,4-linkages, and 

are often acetylated (Fig. 5). These polysaccharides are water soluble with a 

mannose:glucose ratio ranging from 4:1 to below 1: 1 (Meier and Reid, 1982) 

and a DP value higher than 200. In the konjac plant, approximately 60–80% 

of the tuber is composed of glucomannan that serves as the main storage 

carbohydrate. Since konjac glucomannan is a water soluble and abundant 

material, it has been widely used in food industry and pharmaceutical 

research. Konjac glucomannan (E-number: 425) has a mannose:glucose ratio 

at approximately 1.5:1 (Dey and Dixon, 1985). Usually, 5–10% of the backbone 

residues of konjac glucomannan are connected with acetyl groups by ester 

bonds (Maekaji, 1978). These extra chemical modifications significantly affect 

konjac glucomannan properties such as solubility and gelation. For example, 

at elevated temperature, a higher degree of acetylation weakens the network 

structure of the konjac glucomannan gel (Penroj et al., 2005). 

 

 
 

Fig. 5: Acetylated glucomannan structure. 
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of β-1,4-linked D-mannosyl and D-glucosyl residues decorated with 
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mannopyranose residues are acetylated at hydroxyl groups of the C2 or C3 
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positions and the acetylation ratio has been estimated to be 1:3-4. Generally, 

acetylated galactoglucomannan extracted from the lignified secondary wall 

has a DP range from 100 to 150, and two groups can be distinguished. The 

first group is rich in galactose (5-8 w/w% dry weight) and water soluble with a 

ratio of mannose:glucose:galactose residues determined to be 3:1:1. The 

second group is poor in galactose (10-15 w/w% dry weight) and aqueous alkali 

soluble with mannose:glucose:galactose residue ratio at 3:1:0.1 (Timell, 1967). 

Galactoglucomannan is an abundant hemicellulose in many species of 

softwoods such as Norway spruce (Picea abies), which contains 

approximately 10-20% of O-acetylated galactoglucomannans (Timell, 1967; 

Willför et al., 2005). The economically important Norway spruce is grown 

throughout Nordic countries and is mainly used for timber, or in the pulp and 

paper industry. Spruce galactoglucomannan, one of the most characterized 

and extensively studied galactoglucomannans, has a 

mannose:glucose:galactose ratio of 3.5-4.5:1:0.5-1 (Sundberg et al., 2000; 

Hannuksela and du Penhoat, 2004; Hannuksela et al., 2004). In addition to 

softwoods, galactoglucomannan has been found in other tree species, for 

example Populus monilifera, and also in club moss (Willför et al., 2008), 

blackberry (Cartier et al., 1988), and fern (Bailey and Pain, 1971). 
 

 

 
Fig. 6: Acetylated galactoglucomannan structure. 

 

-mannans 

In addition to these plant -mannans, -mannans are commonly found in cell 

walls of yeast. Yeast mannans are important constituents of glycoproteins (i.e. 

mannoprotein) that occupies 40% of the dry weight of Saccharomyces 

cerevisiae cell walls (Lipke and Ovalle, 1998). Mannoprotein in many yeasts 

contains both N-linked mannans (50-200 mannoses) and O-linked mannans 

(1-5 mannoses). The N-linked mannans have a linear -1,6-linked mannosyl 

main chain with -1,2- and -1,3-linked side chains of variable length (one to 

four mannoses). (Kollár et al., 1997). Another type of -mannan, a sulfated 

-(1,3)-linked mannan has been found in seaweeds (Pérez Recalde et al., 

2009). 
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Mannans biosynthesis and degradation 
Mannans and the other hemicelluloses are synthesized in the Golgi complex,  

and then deposited into the secretion vesicles and transferred to plasma 

membrane for final delivery to cell wall (Buchanan et al., 2000). Mannan 

synthesis can be divided into two major steps: backbone elongation and side 

chain substitution. In the first step, the elongation of β-1,4-linked backbone of 

pure mannans, glucomannans and galactoglucomannans is catalyzed by 

β-1,4-mannan synthases encoded by the genes from cellulose synthase-like A 

(CSLA) family (Liepman et al., 2005; Goubet et al., 2009; Liepman and 

Cavalier, 2012; De Caroli et al., 2014). Recently, CSLD gene products were 

also reported to be involved in pure mannan synthesis in Arabidopsis 

(Verhertbruggen et al., 2011; Yin et al., 2011). It is believed that glycosyl 

residues are added iteratively onto the non-reducing end of the elongating 

polysaccharide chain, while an alternative pathway suggested that the 

reducing end of the elongating chain could also accept the addition of glycosyl 

residues (York and O’Neill, 2008). In the second step, galactosyltransferases 

add single α-1,6-galactopyranosyl residues to the backbone residues of 

β-1,4-mannans or β-1,4-glucomannans (Edwards et al., 2002).  

 

Mannans are known to be involved in several biological processes involving 

cell wall degradation (Buckeridge, 2010). For a complete digestion of 

mannans, the degrading enzyme system usually involves 

endo-β-1,4-mannanases (EC 3.2.1.78), endo-β-1,4-mannosidases (EC 

3.2.1.130), exo-β-1,4-mannosidases (EC 3.2.1.25), β-glucosidases (EC 3.2.1.21), 

α-galactosidases (EC3.2.1.22) and acetyl-mannan esterases. The 

endo-β-1,4-mannanases, exo-β-1,4-mannosidases and β-glucosidases are 

mainly involved in hydrolyzing the mannan backbone into oligosaccharides 

and monosaccharides. The other enzymes such as acetyl-mannan esterases 

and α-galactosidases are responsible for removing the backbone substituents 

and modifications in order to generate more accessible sites for subsequent 

enzymatic hydrolysis by endo-β-1,4-mannanases (del Carmen 

Rodríguez-Gacio et al., 2012), as exemplified in the degradation of 

O-acetyl-galactoglucomannan (Fig. 7). 
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Fig. 7: Overview of the enzyme portfolio required for the complete digestion of 
O-acetyl-galactoglucomannan. 
 

Carbohydrate active enzymes 
Carbohydrate-active enzymes (CAZymes) are responsible for assembly and 

breakdown of carbohydrates such as plant polysaccharides. In 1990, the 

classification of CAZymes was introduced by Bernard Henrissat. Based on 

amino acid sequence similarity and structural information, five classes of 

carbohydrate-active enzymes and one associated modules group have been 

defined and described in the CAZy database. These classes include: Glycoside 

Hydrolases (GHs), Glycosyltransferases (GTs), Polysaccharide Lyases (PLs), 

Carbohydrate Esterases (CEs), Auxiliary Activities (AAs) and Carbohydrate 

Binding Modules (CBMs) (Cantarel et al., 2009; Lombard et al., 2014) (Table 

1).  

 
Table 1: Enzyme classification in the CAZy database. 

Enzyme Class 
Number 

of 

Type 

of 
Modules 

  families EC activities Classified Non-classified 

Glycoside Hydrolases 133 181 210488 2520 

Glycosyl Transferases 97 142 164624 3091 

Polysaccharide Lyases 23 15 4964 296 

Carbohydrate Esterases 16 24 23157 1918 

Auxiliary Activities 13 24 8364 1226 

Carbohydrate Binding Modules* 71    87 45926 246 

*: Non-catalytic modules assist in carbohydrates binding. 
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Glycoside hydrolase reaction mechanisms 
The GH group is the most versatile CAZy class in the CAZy database. This 

class contains 2520 non-classified modules and 210488 classified modules as 

of January 2015. GH enzymes are from diverse living organisms and display 

various biological functions, while most of them catalyze the hydrolysis of the 

glycosidic bond following either the inverting or the retaining mechanism 

(Davies and Henrissat, 1995). In addition to the two common mechanisms, a 

couple of unusual GH mechanisms has been discovered, i.e., 

substrate-assisted and cofactor NAD+-assisted mechanisms (Terwisscha van 

Scheltinga et al., 1995; Rajan et al., 2004; Macauley et al., 2005; Liu et al., 

2007). 

 

In the inverting mechanism, the glycoside hydrolases perform a 

single-displacement reaction (Fig. 8). Here a water molecule is activated by a 

general base carboxylic residue for nucleophilic attack against the anomeric 

carbon of the glycosidic bond, and an acid carboxylic residue works as a 

proton donor to break the glycosidic bond and to assist the departure of the 

leaving group (Davies and Henrissat, 1995; Vasella et al., 2002). 

 

 
 

Fig. 8: Mechanism of inverting glycosidases. 

 

The retaining mechanism is a double-displacement reaction involving a 

substrate-enzyme intermediate (Fig. 9). At the active site, a pair of conserved 

carboxylic amino acids, a general acid/base and a catalytic nucleophile, are 

responsible for driving the overall hydrolysis reaction in the anomeric center 

(Sinnott, 1990; Zechel and Withers, 2000; Yuan et al., 2007). The catalytic 

nucleophile is responsible for attacking the anomeric carbon in order to form 

a glycosyl-enzyme intermediate (Jenkins et al., 1995). The acid/base serves to 

protonate the glycosidic oxygen for hydrolyzing the intermediate (Henrissat et 

al., 1996). Sometimes, transglycosylation reaction occurs when water 

molecules are substituted by sugar molecules. For example, GH5 enzymes are 
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retaining glycoside hydrolases, and it has been demonstrated that a number of 

enzymes from this family can perform both hydrolytic and transglycosylation 

reactions (Schroder et al., 2006; Wang et al., 2013).  

 

 
 

Fig. 9: Mechanism of retaining glycosidases. 

 

Glycoside hydrolase family 5 (GH5) 
GH5, previously known as cellulase family A, is a large GH family and belongs 

to Clan GH-A. This family comprises a diversity of enzymes which are found 

in prokaryotes (archaea and bacteria), eukaryotes (fungi, plants and animals) 

and viruses (Table 2). Interestingly, no human enzyme has been reported in 

this family. At the time of writing, more than 5000 GH5 enzyme sequences 

have been identified in the CAZys database. Recently, about 80% of the public 

sequences were classified into 51 subfamilies (GH5_1–GH5_53, excluding 

GH5_3 and GH5_6 which have been merged into GH5_4 and GH5_5 

respectively) (Fig. 10) (Aspeborg et al., 2012).  
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Fig. 10: Phylogenetic tree of GH5. 

 

To date, there are 51 reported GH5 three dimensional structures. GH5 

enzymes contain an amino acid chain which forms a (β/α)8 fold creating an 

opening groove surrounding a conserved active site, in which the catalytic 

nucleophile Glu and acid/base Glu are positioned at the C-terminus of 

β-strand 7 and β-strand 4, respectively (Fig. 11 a−c). During the catalytic 

reaction, the carbohydrate substrate binds the enzyme substrate binding sites 

from the non-reducing end (- subsites) to the reducing end (+ subsites), and 

the cleavage of the mannosidic bond occurs between subsite -1 and subsite +1 

(Fig. 11d). Many GH5 enzymes consist of a single catalytic domain that is 

responsible for hydrolyzing the substrate. However, a great number of GH5 

family proteins contain, in addition to the catalytic module, one or several 

carbohydrate binding modules (CBMs) which can be located at both the N- or 

C- terminal of the complete protein (Aspeborg et al., 2012). The function of 
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CBMs is to target the enzyme to the substrate and thereby increasing its 

catalytic efficiency (Boraston et al., 2004).  

 

Table 2: A variety of specificities of GH5 enzymes. 

Enzyme Activity EC number Organism 3D structure 

Chitosanase 3.2.1.132 Bacteria No 

β-mannosidase 3.2.1.25 Bacteria Yes 

Endo-β-1,4-glucanase/cellulase 

 

3.2.1.4 

 

Prokaryota 

Eukaryota 

Yes 

 

Glucan β- 1,3-glucosidase 3.2.1.58 Eukaryota Yes 

Licheninase 

 

3.2.1.73 

 

Bacterial, 

Eukarayota 

Yes 

 

Glucan endo-β-1,6 -glucosidase 3.2.1.75 Eukaryota No 

Mannan endo-β-1,4-mannosidase 

 

3.2.1.78 

 

Bacterial, 

Eukarayota 

Yes 

 

Endo-β-1,4-xylanase  3.2.1.8 Bacteria Yes 

Cellulose β-1,4-cellobiosidase  3.2.1.91 Bacterial No 

β-1,3-mannanase 

 

3.2.1.- 

 

Bacterial, 

Eukarayota 

Yes 

 

Xyloglucan-specific endo-β-1,4-glucanase  3.2.1.151 Bacterial Yes 

Mannan transglycosylase 2.4.1.- Eukaryota Yes 

Endo-β-1,6-galactanase 3.2.1.164 Eukaryota No 

Endoglycoceramidase 

 

3.2.1.123 

 

Bacterial, 

Eukarayota 

Yes 

 

β-primeverosidase 3.2.1.149 Eukaryota No 

β-glucosylceramidase 3.2.1.45 Eukaryota No 

Hesperidin 6-O-α-L-rhamnosyl-β-glucosidase 3.2.1.168 Eukaryota No 

Exo-β-1,4-glucanase / cellodextrinase 3.2.1.74 Bacteria No 

β-glucosidase 3.2.1.21 Eukaryota Yes 

Arabinoxylan-specific endo-β-1,4-xylanase 3.2.1- Bacteria Yes 
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(a)                                   (b) 

           

             (c)                                    (d) 

Fig. 11: The three dimensional structure of LeMAN4a (PDB: 1RH9). (a) 
Surface structure with a distinct cleft topology of the active site. (b) Secondary 
structure showing (β/α)8 fold. (c) Secondary structure with two catalytic Glu 
residues. (d) Substrate binding subsite residues. 
 

Mannanases  
For many biotechnological applications of mannans, the goal is to completely 

degrade the polymers into monosaccharides. Such degradation can be 

performed by chemical methods or via enzymatic hydrolysis. During the 

enzymatic hydrolysis process, endo-β-mannanases (E.C. 3.1.2.78) play a 

crucial role in the digestion of mannan backbones. Mannanases from diverse 

organisms including bacteria, fungi, plants and animals (Larsson et al., 2006; 

Jagtap et al., 2012; Liu et al., 2012; Wang et al., 2014) have been classified 

into three GH-families: GH5, GH26 and GH113 in CAZy database (Cantarel et 

al., 2009). These families have been categorized into clan A, and consequently 

Non-reducing 
end 

Reducing 
end 

Cleave mannosidic bond 
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all mannanases share a (β/α)8 barrel fold structure and two Glu residues. 

Moreover, they are all retaining GHs, and therefore they can all potentially act 

as transglycosylases. To date, GH mannanases with transglycosylation activity 

have been found in GH5 and GH113, but not in GH26 (Couturier et al., 2013). 

In addition to the endo-acting activity, some mannanases also display 

exo-acting activity (Setati et al., 2001; Katrolia et al., 2013)  

 

Microbial mannanases 
Most microbial mannanases are extracellular enzymes, and usually they work 

together with other glycoside hydrolases to degrade plant biomass in order to 

provide simple sugars as energy for the microorganism. Due to properties 

such as high catalytic activity, pH tolerance and great thermostability, 

microbial enzymes have been widely utilized in industrial processes 

converting plant biomass into valuable products. In the second-generation 

biofuels industry, mannanases are important enzymes in degradation of 

lignocellulosic biomass to monomeric sugars, especially for digesting 

mannan-rich substrates such as conifer wood chips (Sun and Cheng, 2002; 

Bien-Cuong et al., 2009). Mannanases also have a role as stain removal agents 

in detergents, because they can help to remove mannan-containing stains 

derived from consumer products such as ice-cream and salad dressings by 

digesting mannan polymers into smaller water-soluble fragments (Soni and 

Kango, 2013). Additionally, degradation of coffee mannans is often performed 

by different mannanases preparations (Chauhan et al., 2014). This enzymatic 

process can efficiently decrease the high viscosity of coffee extracts and 

thereby improve the production process and the quality of the final instant 

coffee product. Recently, it has been advocated to utilize mannanases for 

mannan oligosaccharide production, since mannan based oligomers (both 

-mannooligosaccharides and -mannooligosaccharides) are considered to be 

healthy bioactive compounds that have pre-biotic effects on the 

gastrointestinal microflora (Charalampopoulos and Rastall, 2012; St-Onge et 

al., 2012; Tester et al., 2012). Microbial mannanases have been used widely in 

the food, feed and detergent industries, but the search for more efficient 

enzymes continues by exploiting the natural biodiversity, exploring 

extremophiles and using novel methods like metagenomics.   

 

Plant mannanases 
Plant mannanases are involved in several hydrolytic processes during plant 

growth and development. In seed germination, mannanases catalyze 

endosperm degradation to provide energy for seedling growth (Nonogaki and 

Morohashi, 1996). In addition to their involvement in seed development, 

plant mannanases also participate in tissue softening during fruit ripening 

(Bewley et al., 2000; Brummell et al., 2004), pollen development, and anther 
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formation during flower differentiation (Filichkin et al., 2004). Moreover, it 

was reported recently that mannanases were associated with leaf wounding 

and secondary xylem differentiation (Yan et al., 2012; Zhao et al., 2013). 

Notably, the reported plant mannan hydrolases all have a single catalytic 

domain with a signal peptide and conserved amino acids located in their 

respective active sites. Some of them, in addition to hydrolase activity, exhibit 

mannan transglycosylase activities, including LeMAN4a from ripe tomato 

fruit (the only available plant mannanase 3D structure), HvMAN1 from young 

barley seedling, and AtMan5-1 from Arabidopsis (Hrmova et al., 2006; 

Schroder et al., 2006; Wang et al., 2013).  

 

Mannanase genes have been identified in all plant genomes sequenced so far, 

including moss (Physcomitrella patens) and spruce (Picea abies). In the 

Arabidopsis genome, eight endo-β-mannanase genes are identified, but one of 

them seems to be a pseudo gene. Transcripts of the other seven mannanase 

genes have been detected in various Arabidopsis tissues including 

inflorescences, siliques, stems, cauline leaves, rosette leaves, roots and seeds 

(Yuan et al., 2007). The gene of Arabidopsis mannanase 1 (AtMan5–1) 

showed increased expression in inflorescence, stem and root, but not in 

geminating seed (Yuan et al., 2007). Oppositely, AtMan5-2, AtMan5–5, 

AtMan5–6, and AtMan5–7 are highly expressed during seed germination 

(Iglesias-Fernandez et al., 2011). Mutant analysis targeting these genes 

suggested that all examined genes except AtMan5-2 were important for the 

germination process. Especially, the T-DNA insertion mutant of AtMan5-6 

had a significantly negative effect on the germination time course. 

Furthermore, recent investigations towards Arabidopsis mannanase gene 

promoters showed that: 1) AtMan5-6 was one of 63 candidate genes which 

were directly controlled by the vascular-related NAC domain 7 (VND7) that 

has an essential role in regulating xylem vessel differentiation (Yamaguchi et 

al., 2011); and 2) AtMan5-7 was regulated by the basic-leucine zipper 

AtbZIP44a, a key regulator of seed germination (Iglesias‐Fernández et al., 

2013).   
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Results and discussion 

GH5 subfamily classification 

Aim of investigation 
GH5 is a glycoside hydrolase family containing diverse enzymes with various 

enzymatic activities involved in the degradation of carbohydrates and 

glycoconjugates. Since the first division of GH5 into ten subfamilies was based 

on a limited number of sequences and several GH5 enzymes were reclassified 

and transferred to family GH30, and primarily because of the large collection 

of novel GH5 sequences derived from various sequencing projects, there was a 

need for a new and robust global subfamily classification of GH5 (Paper I). 

The aim of the subfamily reclassification was not only to obtain new 

evolutionary insights of GH5 enzymes, improve functional prediction, but also 

to guide enzyme discovery and structure-function studies.  

 

Overview of Paper I 

The subfamily classification effort required handling of a large number of 

protein sequences. The large-scale bioinformatic analysis included all publicly 

available GH5 sequences (approximately 2300 catalytic module sequences 

with high-quality), and we were able to define 51 GH5 subfamilies including 

those previously described (Paper I). Among the 51 classified subfamilies, 31 

subfamilies had at least one enzyme with a determined activity, and 20 

subfamilies contained only uncharacterized enzymes. However, 

approximately 20% of the analyzed sequences could still not be assigned into 

a subfamily, even though some of them have been functionally characterized. 

 

Monospecific and polyspecific subfamilies 
When the subfamily classification was supplemented with available 

biochemical data, 17 subfamilies were found to be monospecific, whereas 14 

subfamilies were polyspecific (Table 3). A monospecific subfamily is defined 

as a subfamily containing characterized enzymes with a single activity (one EC 

number). Particularly, if the subfamily includes several identified enzymes 

with the same specificity, it can be confidently described as a monospecific 

subfamily. However, if a monospecific subfamily contains only one 

biochemically reported enzyme, chances are that other activities will be 

eventually discovered as more members will be characterized and the 

subfamily will become polyspecific. In GH5_5, the largest monospecific 

subfamily, only enzymes with endo-β-1,4-glucanase activity (EC 3.2.1.4) have 

been reported. One example of a GH5_5 endo-glucanase with reported crystal 
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structure comes from the thermophilic fungus Thermoascus aurantiacus (Lo 

Leggio and Larsen, 2002). 

 

Table 3: A summary of monospecific and polyspecific subfamilies in GH5. 

Monospecific subfamily Sequence No. Characherized enzyme No. 3D structure No. 

GH5_5 123 44 4 

GH5_8 71 23 5 

GH5_10 19 6 3 

GH5_14 15 1 0 

GH5_15 10 9 0 

GH5_16 10 2 0 

GH5_17 5 3 0 

GH5_21 10 4 0 

GH5_22 12 1 0 

GH5_27 5 2 0 

GH5_28 

 

2 1 

GH5_29 

 

1 0 

GH5_31 5 1 0 

GH5_34 5 1 1 

GH5_39 7 1 0 

GH5_52 6 2 0 

GH5_53 6 1 0 

Polyspecific subfamily Sequence No. Characherized enzyme No. 3D structure No. 

GH5_1 133 29 2 

GH5_2 245 90 8 

GH5_4 160 50 9 

GH5_7 

 

8 10 

GH5_9 107 22 2 

GH5_12 42 3 0 

GH5_23 5 2 0 

GH5_25 

 

5 2 

GH5_26 17 7 1 

GH5_36 23 2 1 

GH5_37 19 6 1 

GH5_38 10 5 0 

GH5_46 15 1 0 

 

In contrast to a monospecific subfamily, a polyspecific subfamily is comprised 

of members with two or more identified activities (several EC numbers). The 

largest polyspecific subfamily in GH5 is GH5_2 which contains a number of 

enzymes with β-1,4-glucan cleaving activities. For example, Streptomyces 

griseus HUT 6037 is a chitosanase (EC 3.2.1.132) with additional 
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transglycosylation activity (Tanabe et al., 2003), and the Fibrobacter 

succinogenes S85 endo-glucanase (EC 3.2.1.4) can use both oat spelt xylan 

and carboxymethyl cellulose (CMC) as substrate (Zverlov et al., 2002). 

 

Subfamilies with no identified activities 
We also defined a large number of GH5 subfamilies completely composed of 

members lacking a determined activity (EC number). This category included 

GH5_11, GH5_13, GH5_18 - GH5_20, GH5_24, GH5_30, GH5_32, GH5_33, 

GH5_40-GH5_45, GH5_47, and GH5_49 - GH5_51.  A detailed study of 

these enzymes may exhibit valuable insights regarding their hidden activities. 

Hints of the enzymatic function for bacterial enzymes may be derived from 

carbohydrate binding modules (CBMs) or operons, but also from 

transcriptomics and functional metagenomics. 

 

GH5 subfamily 7 enzymes 

Aim of investigation 
Endo-β-mannanases, as biomass conversion important enzymes, are of great 

biotechnological interest for both basic and applied research. To date, most 

well characterized and mannanases are from microbes, while only a few plant 

mannanases have been biochemically studied. The overall scope of GH5_7 

project was to clone, express, and characterize novel mannanases from model 

plant Arabidopsis thaliana (no Arabidopsis mannanases had been 

enzymatically characterized previously), in order to gain information about 

catalytic and biochemical properties of plant mannanases and maybe find 

plant enzymes with interesting features for applications in industrial 

biotechnology. Another aim was to try to answer fundamental questions 

related to the evolution of plant GH5_7 mannanases, such as: Why do plants 

have more than one single mannanase? What is the extent of functional 

diversification of plant mannanses within one single species? Is it common for 

plant mannanases to be able to catalyze transglycosylation reactions?   

 

Overview of Paper II – Paper IV 

Initially, AtMan5-1, AtMan5-2, AtMan5-6 and AtMan5-7 were selected for 

biochemical characterization. According to the GH5 subfamily classification 

work (Paper I), AtMan5-1 and LeMAN4a (tomato mannan 

endo-hydrolase/transglycosylase (MHT)) have the closest evolutional 

relationship, and thus we wanted to investigate whether AtMan5-1 could also 

act as a MHT (Paper II). The other three target enzymes, AtMan5-2, 

AtMan5-6 and AtMan5-7, were selected because their genes were highly 

expressed in Arabidopsis stem tissues, indicating they could be important for 
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xylem development. However, only the characterizations of AtMan5-2 and 

AtMan5-6 (Paper III and IV) will be presented in this thesis.   

 

In the included papers (Paper II – IV), all the three Arabidopsis 

mannanases (AtMan5-1, AtMan5-2 and AtMan5-6) were successfully 

expressed in P. pastoris, but the AtMan5-6 yield was significantly lower than 

the other two mannanases’. Recombinant AtMan5-1 was also produced in E. 

coli, and this allowed a comparative study of the biochemical properties of the 

Arabidopsis mannanase produced in either an eukaryotic or a prokaryotic 

system. After protein purification, enzyme activity measurements were 

carried out using the 2,4-dinitrosalicyclic acid (DNS) assay in order to 

determine the basic biochemical parameters of the examined Arabidopsis 

mannanases, and then products analyses were performed by 

High-Performance Anion-Exchange Chromatography with Pulsed 

Amperometric Detection (HPAEC-PAD) and/or Matrix-Assisted Laser 

Desorption/Ionization Time-of-Flight Mass Spectrometry (MALDI-ToF-MS) 

for further studying the mode of action of these enzymes. Various mannan 

polysaccharides and oligosaccharides were used as substrates in these studies. 

The determination of basic biochemical properties revealed that the three 

enzymes shared similar pH optimum, temperature optimum, while 

differences were observed in mannan-based substrate specificity, catalytic 

capability and product pattern (see more in papers).  

 

Bioinformatics analysis of Arabidopsis GH5_7 mannanases 

The phylogenetic relationship of GH5_7 enzymes 

Subfamily GH5_7 contains β-1,4-mannan-cleaving enzymes from various 

species of eukaryotic, archaeal and bacterial origin (A phylogenetic tree of all 

GH5_7 enzymes, containing also plant sequences, was included in the 

supplementary materials of Paper I). Most GH5_7 enzymes exhibit 

endo-β-1,4-mannanase activity (EC 3.2.1.78; e.g. MAN5C), but there are also 

examples of enzymes with mannan transglycosylase activity (EC 2.4.1.-; e.g. 

LeMAN4a) and exo-β-mannosidase activity (EC 3.2.1.25; e.g. CmMan5A).  

 

In Paper II, a phylogenetic tree was constructed containing only plant 

GH5_7 enzymes (Fig. 12). This analysis comprised a higher number of plant 

sequences compared with the GH5_7 phylogenetic tree presented in Paper I, 

enabling a more detailed inspection of plant GH5_7 evolution. In the tree, 

GH5_7 plant proteins were classified into two major clades (clade 1 and clade 

2). In clade 1, Arabidopsis mannanase 2, 5, and 6 were distributed in different 

subclades. Among them, AtMan5-6 and the recently characterized Populus 
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mannanase 6 (PtrMAN6) were located in the same subclade, indicating that 

the two enzymes are closely related to each other in evolution. Thus, we 

expected that the biological function of AtMan5-6 in Arabidopsis might 

resemble that of PtrMAN6 in poplar. According to the work by Zhao and 

co-workers, the poplar mannanase has been suggested to suppress cell wall 

thickening during secondary xylem differentiation (Zhao et al., 2013). 

Therefore, we proposed that AtMan5-6 has a similar action in Arabidopsis 

secondary xylem differentiation (Paper IV). In clade 2, Arabidopsis 

mannanase 1, 3, 4 and 7 were present. The location of AtMan5-1 in the GH5_7 

phylogenetic tree is close to the well-studied tomato LeMAN4a, the first 

characterized plant mannanase with mannan endo-hydrolase and 

endo-transglycosylase (MHT) activity. Since AtMan5-1 was identified as an 

ortholog to LeMan4A, we hypothesized that AtMan5-1 would be able to act as 

a transglycosylase as well (Paper II). 

 

 

Fig. 12: Phylogenetic tree of GH5_7. 
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Protein sequence analyses and homology modeling 

Protein sequence analyses of the investigated mannanases revealed that the 

enzymes contained typically conserved amino acids (such as catalytic Glu 

residues) present in most GH5 members (Paper II – IV). However, 

differences were observed in residues lining the substrate binding sites of the 

target mannanases. A tryptophan residue in subsite +1 is normally conserved 

in mannanases, Phe134 in AtMan5-1, but in AtMan5-2 this aromatic amino 

acid residue has been replaced by a leucine (Leu145) (Paper III). A leucine 

cannot provide as strong hydrophobic stacking interaction as a tryptophan, 

and thus it is likely that the AtMan5-2 has a weaker carbohydrate binding in 

the +1 subsite, which may result in the loss of transglycosylation activity of 

AtMan5-2. Since it has been suggested that the interactions between aglycone 

‘+’ subsites and sugars can significantly affect transglycosylation (Armand et 

al., 2001; Rosengren et al., 2012). For AtMan5-6, Ser302 (+1 subsite) and 

Asp107 (-3 subsite) were identified as the amino-acid replacements in the 

substrate binding site (Paper IV). Sequence analyses further identified 

conserved Cys residues in the C-terminal region of AtMan5-2 and AtMan5-6 

(Paper III and IV). The AtMan5-2 protein has two and AtMan5-6 has three 

such amino acids close to the C-terminal. For PtrMAN6, a poplar ortholog to 

AtMan5-6, the three Cys residues in the C-teminal part of the protein are 

essential for its catalytic activity, and when all three Cys were removed by 

site-directed mutagenesis the catalytically active dimer was not formed 

suggesting that PtrMAN6 dimerization is disulfide-mediated (Zhao et al., 

2013). Thus, we assumed that the conserved Cys residues in the C-terminal 

part of AtMan5-2 and AtMan5-6 might be also essential for the oligomeric 

state and activity of the two enzymes. 

 

Public gene expression data analysis on Arabidopsis mannanases 

In order to study differential gene expression of the Arabidopsis mananases in 

various tissues, in silico gene expression analyses were performed using 

public gene expression data collected from the online Arabidopsis eFP 

database (Winter et al., 2006). These data showed that mannanase genes 

were widely expressed in Arabidopsis tissues such as root, stem, flower, pollen, 

leaf and seed, suggesting that the mannanase gene products play important 

roles in Arabidopsis plant development (Fig. 13). Moreover, the comparison of 

expression profiles of seven mannanase genes (AtMan5-1 to AtMan5-7) 

showed that AtMan5-1 was mainly expressed in old leafs and seeds, whereas 

AtMan5-2 and AtMan5-6 transcripts were abundant in stems (Paper IV). 

The AtMan5-7 gene was highly expressed in all the examined tissues except 

leaves and dry seeds, while the other genes (AtMan5-3 to AtMan5-5) were 

lowly expressed in all sampled tissues. Such varied expression patterns 

observed for the seven Arabidopsis mannanases suggested that they may have 

different biological functions during plant growth and development. 
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Fig. 13: Expression profiles of mannanase genes in different Arabidopsis 
tissues. All public gene expression data (absolute values) were obtained from 
Arabidopsis eFP browser. 

 

Enzymatic characterization of Arabidopsis GH5_7 

mannanases 

Recombinant protein expression 

Recombinant protein expression is widely used in life science and 

biotechnology to generate adequate amount of proteins for research, such as 

for investigating the physical and biochemical properties of target proteins. 

Both prokaryotic and eukaryotic expression systems use various host 

organisms, while two of the most well-known and commonly used hosts are 

the gram-negative bacterium Escherichia coli (E. coli) and the methylotrophic 

yeast Pichia pastoris (P. pastoris). In the AtMan5-1 project, we firstly tested 

target protein expression in E. coli and then P. pastoris, which gave us an 

opportunity to compare the biochemical properties of recombinant AtMan5-1 

proteins produced in different expression systems. Here, we found that the 

yield of AtMan5-1 (12 mg/L) produced in P. pastoris was approximately 17 
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times higher than that of E. coli (0.7 mg/L) (Fig. 14a), showing that P. 

pastoris was a more suitable expression system for AtMan5-1 than E. coli. 

AtMan5-2 and AtMan5-6 recombinant proteins were only produced in P. 

pastoris and yielded 16 mg/L and 1.1 mg/L pure proteins, respectively (Fig. 

14b). All three Arabidopsis mannanases were found to be glycosylated after P. 

pastoris production, with AtMan5-6 being more heavily glycosylated than 

AtMan5-1 and AtMan5-2 (Paper II – IV). We assumed that the relatively 

low expression yield of AtMan5-6 might be due to the observed larger 

carbohydrate moiety attached to this protein. Overall, the yields of these 

Arabidopsis mannanases were lower than those reported for microbial 

mannanases expressed in P. pastoris such as mannanases from Podospora 

anserine and Armillariella tabescens (expression yield: 100-440 mg/L) 

(Wang et al., 2009; Couturier et al., 2011), indicating that P. pastoris is 

indeed good at expressing fungal mannanases. 
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Fig. 14: Expression yields of Arabidopsis mannanases. (a) AtMan5-1 
expressed in E. coli and P. pastoris. (b) Arabidopsis mannanases expressed in 
P. pastoris. 
 

pH and temperature effects on mannanase hydrolytic activity 

The determined pH optima for AtMan5-1, AtMan5-2 and AtMan5-6 were pH 

5.5, pH 5.5-6.0 and pH 5.0, respectively (Table 4). These observed pH optima 

are in the same range as other characterized plant mannanases such as 

tomato LeMAN4a, soybean GmMAN1 and poplar PtrMAN6 (Schroder et al., 

2006; Lin et al., 2011; Zhao et al., 2013). Additionally, all three examined 

Arabidopsis mannanases displayed their optimal activities at moderate 

temperatures (Table 4).  
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Based on thermostability of activity analyses, P. pastoris-produced AtMan5-1 

retained most its activity at 35°C, whereas the E. coli-produced AtMan5-1 

showed a 50% activity loss after incubation at 35°C for 30 min (Paper II). 

This indicated that the P. pastoris-produced AtMan5-1 was more stable than 

E. coli-produced AtMan5-1, and the increased stability may be a consequence 

of the P. pastoris-produced AtMan5-1 being decorated by N-glycans. 

Thermostability of activity analysis results of the three P. pastoris-produced 

Arabidopsis mannanases showed that after incubation at 15-35˚C for 4 hours, 

these mannanases still maintained over 70% activity (Paper II – IV), 

whereas a 4-hour incubation at 45˚C reduced the activities of AtMan5-1, 

AtMan5-2 and AtMan5-6 to 32%, 35% and 75%, respectively (Table 4). Thus, 

we concluded that AtMan5-6 is relatively thermotolerant enzyme, and this 

feature makes AtMan5-6 an attractive candidate for industrial applications in 

biomass conversion of mannan polysaccharides. 

 

Table 4. pH and temperature effects on mannanase activity. 

Mannanases 
pH Temperature Thermostability of activity after 4 hours 

  (°C)  (Relative activity %) 

  Optimum Optimum 15°C 25°C 35°C 45°C 

AtMan5-1e 5 35 95 90 35 30 

AtMan5-1 5.5 35 92 86 72 32 

AtMan5-2 5.5-6.0 25 100 95 80 35 

AtMan5-6 5 35 96 95 92 75 

e: E. coli expressed mannanase. 

Others: P. pastoris expressed mannanase. 

 

Effects of metal ions, N–glycosylation and reducing agents on 

mannanase activity 

Metal ions are known to influence the activity of carbohydrate-active enzymes, 

including mannanases, and therefore we tested whether various metal ions 

could positively or negatively affect the activity of the target enzymes. In 

general, most of the examined metal ions had negligible effects on the 

activities of AtMan5-1, AtMan5-2 and AtMan5-6 (Paper II – IV). However, 

the activities of these enzymes were all enhanced by Co2+, but inhibited by the 

following ions: Mn2+ inhibited AtMan5-1 activity, whereas Fe3+ reduced 

AtMan5-6 activity (Table 5). No assayed ions reduced AtMan5-2 activity 

(Table 5). Actually, metal ions affect mannanase activities differently in 

different organisms. Like AtMan5-1, the activity of soybean GmMAN1 has 

been reported to be inhibited by Mn2+ (Lin et al., 2011). There are also 

numerous examples of bacterial, fungal and animal mannanases inhibited by 

the Fe3+-ion (Zhang et al., 2009; Blibech et al., 2010; Zahura et al., 2010). 

Since the recombinant Arabidopsis mannanases were found to be 
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glycoproteins, the effect of N-glycosylation on AtMan5-1, AtMan5-2 and 

AtMan5-6 was investigated (Paper II – IV). The experimental results 

revealed that lack of N-glycans did not affect the activity of AtMan5-1 and 

AtMan5-2, but significantly decreased AtMan5-6 activity. Similar to 

AtMan5-6, deglycosylation also had a negative effect on the activity of 

PtrMAN6 (Zhao et al., 2013; Zhao et al., 2013). Sequence analyses revealed 

conserved Cys residues in the C-terminal region of AtMan5-2 and AtMan5-6, 

and these Cys residues were hypothesized to be involved in disulfide-linked 

dimerization. Therefore, effects of reducing agents on hydrolytic activity were 

studied for these two mannanases (Table 5). Both enzymes showed decreased 

activities under reducing conditions similar to the observed PtrMAN6 action. 

Furthermore, it has been reported that the loss of activity of PtrMAN6 was 

due to the reduction of the active disulfide-linked dimer, and we indeed found 

that the dimers of AtMan5-2 and AtMan5-6 were reduced to monomers in the 

presence of reducing agents.  

 

Table 5. Effects of metal ions and reducing agents on mannanase activity. 

Metal ion/reducing agent Relative activity (%) 

 
AtMan5-1 AtMan5-2 AtMan5-6 

No ion and reducing agents 100 100 100 

Ca2+ 120 128 95 

Co2+ 195 139 126 

Fe3+ 116 112 87 

Mn2+ 86 122 108 

DTT n.d 10 17 

-Me n.d 60 n.d 

TCEP n.d n.d 13 

Metal ion: 5 mM. 

DTT: DL-Dithiothreitol, 50 mM. 

-Me:-Mercaptoethanol, 10 mM. 

TCEP: Tris(2-carboxyethyl)phosphine, 50 mM. 

n.d.: not determined. 

 

Catalytic properties of Arabidopsis mannanases 

In the present work, the hydrolytic activity of AtMan5-1, AtMan5-2 and 

AtMan5-6 against various natural plant mannan substrates were examined 

including determination of kinetic parameters (Table 6) (Paper II – IV). The 

following substrates were included in the analyses: carob galactomannan 

(galactose : mannose ratio 1 : 4), konjac glucomannan (glucose : mannose 

ratio 1 : 1.5), guar gum (galactose : mannose ratio 1 : 2) and spruce 

galactoglucomannan (mannose : glucose : galactose ratio 3.5–4.5 : 1 : 0.5–1.1). 

The investigation revealed that the target mannanases were able to digest 
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structurally different mannans, i.e. both substrates with a backbone strictly 

composed of mannoses as well as mannans having a main chain consisting of 

both mannose and glucose units. Moreover, they can tolerate a certain degree 

of galactose side chains, but highly branched mannans such as guar gum are 

apparently not accessible to these enzymes. The specific activities of AtMan5-1 

against carob galactomannan, konjac glucomannan and spruce 

galactoglucomannan were similar, suggesting that this enzyme degrades these 

mannans equally well (Paper II). AtMan5-2 showed higher catalytic 

efficiency for konjac glucomannan and spruce galactoglucomannan than for 

carob galactomannan, indicating that the enzyme has a preference for 

glucomannans, i.e. to digest mannan polysaccharides containing also glucose 

in their main chains. To our knowledge, AtMan5-2 is the first plant 

glucomannanase, but there are rare examples of glucomannanases from other 

organisms (Bien-Cuong et al., 2009; Couturier et al., 2011). The specific 

activities of AtMan5-6 towards carob galactomannan and konjac 

glucomannan were higher than spruce galactoglucomannan (Paper IV); and 

the Km and kcat/Km values obtained from carob galactomannan and konjac 

glucomannan were similar to each other. Thus, AtMan5-6 seems to hydrolyze 

galactomannan and glucomannan equally well. 

 
Table 6. The catalytic efficiencies of Arabidopsis mannanases. 

Substrate affinity   Arabidopsis mannanase 

Km (mg/mL) AtMan5-1e AtMan5-1 AtMan5-2 AtMan5-6 

Carob galactomannan 7.4 9.5 12.8 0.9 

Konjac glucomannan n.d n.d 1.3 0.4 

Spruce galactoglucomannan n.d n.d 0.5 n.d 

Catalytic efficiency  Arabidopsis mannanase 

kcat/Km(min-1mg-1mL) AtMan5-1e AtMan5-1 AtMan5-2 AtMan5-6 

Carob galactomannan 427 368 10 1862 

Konjac glucomannan n.d. n.d. 256 1667 

Spruce galactoglucomannan n.d. n.d. 166 n.d. 

e: E.coli expressed mannanase.  

Others: P. pastoris expressed mannanase. 

n.d.: not determined. 

 

Product patterns of Arabidopsis mannanases 

To further elucidate the mode of action of the Arabidopsis mannanases, 

product patterns of hydrolysis using various mannan polysaccharides and 

manno-oligosaccharides were analyzed using HPAEC-PAD. In Paper II to IV, 

the product analyses of mannan polysaccharides confirmed that AtMan5-1, 

AtMan5-2 and AtMan5-6 can depolymerize mannans with different 

composition and substitution, but the diverse product patterns obtained for 

the target enzymes (Table 7) suggested a catalytic diversification of the three 
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investigated manannases. Interestingly, mannose was released as a minor 

product from the various polymeric mannans incubated with AtMan5-6, 

suggesting that this enzyme also exhibit minor exo-activity, although only a 

few GH5 endo-mannanases with additional exo-mode have been reported 

(Larsson et al., 2006; Couturier et al., 2013).  

 

Table 7: Major mannan oligosaccharide products after enzymatic hydrolysis of different 

mannan polysaccharides. 

mannan polysaccharides Major mannan oligosaccharide product 

  AtMan5-1 AtMan5-2 AtMan5-6 

Carob galactomannan M2, M3, GM3 M2, M4 M2, M3, M4 

Guar gum galactomannan M3,GM3 M4 M1 

Konjac glucomannan M2,M3 M2, M4 M2, M3, M4, M6 

Spruce galactoglucomannan   M3,M4 M4 M3, M4 

 

The hydrolysis of manno-oligosaccharides was also analyzed (Paper II – IV), 

which gave us an opportunity not only to gain information about the substrate 

binding sites of our target Arabidopsis mannanases, but also to detect 

possible transglycosylation products. The product analyses using 

manno-oligosaccharides showed that AtMan5-1 and AtMan5-6 need five 

substrate binding sites for activity since no products were released from M3 

and M4 hydrolysis, whereas AtMan5-2 requires at least six subsites because it 

can only degrade substrates with a DP value higher than six. In order to 

increase the chances of detecting transglycosylation products, product 

analyses were also performed under conditions favoring transglycosylation 

(Paper II – IV). Under such conditions products with a higher degree of 

polymerization than the examined manno-oligomer substrates were detected 

for AtMan5-1 (GH5_7 clade 2 plant enzyme) (Fig. 15) but not for AtMan5-2 

and AtMan5-6 (GH5 clade 1 plant enzymes). For AtMan5-2, the observed lack 

of AtMan5-2 transglycosylation activity could possibly be explained by the 

loss of an aromatic amino acid in the +1 subsite. For AtMan5-6, it is difficult 

to explain the loss of transglycosylation activity. Since amino acid residues 

high-lighted as being essential for transglycosylation are conserved in 

AtMan5-6 (subsite +2: Arg, subsite +1: Typ and Try) (Armand et al., 2001; 

Rosengren et al., 2012). Clearly, further studies are needed to reveal the 

molecular determinants of transglycosylation ability among GH5_7 plant 

enzymes. To summarize, clade 2 plant mannanases (LeMAN4a and AtMan5-1) 

show transglycosylation activity, whereas clade 1 mannanases (AtMan5-2 and 

AtMan5-6) cannot perform this reaction. It is still not clear if the presence 

and absence of transglycosylation activity is a primary difference between 

clade 1 and clade 2 plant mannanases. Nevertheless, the observed product 
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pattern differences suggest catalytic and functional diversification of 

Arabidopsis mannanases in plant growth and development. 

 

 
(a)                                (b) 

Fig. 15: Evidence of AtMan5-1 transglycosylation activity on 5 mM 

mannohexaose (M6) and 5 mM mannohexaose with 1 M salt (M6+S). (a) 

HPAEC-PAD analysis of M6 and M6+S after incubation for 15 min (—), 30 

min (---), 1 hour (—), 4 hours (....) and 24 hours (━) together with blank (—). 

(b) MALDI-ToF-MS analysis of mannohexaose blank (M6 B), M6 and M6+S 

after incubation for 24 hours.  

 

Possible function of the Arabidopsis mannanases 

The transcript of AtMan5-1 is most abundant in roots and seeds, and the gene 

product can hydrolyze various mannans and also perform transglycosylation. 

Moreover, the gene is frequently induced by environmental stresses. Probably, 

AtMan5-1 has a function in modifying cell wall mannans by hydrolysis or 

transglycosylation in response to various stresses, but further studies are 

needed to reveal the role of AtMan5-2 in mannan regulation. AtMan5-6 is 

highly expressed in Arabidopsis stems and seeds, and also seems to 

significantly affect the seed germination rate (Iglesias-Fernandez et al., 2011). 

Thus, AtMan5-6 would be expected to have capacity to degrade the 

stem-asscociated glucomannan and a seed endosperm-located mannan such 

as galactomannan, although it is still not clear whether galactomannans are 

present in Arabidopsis seed or not (Lee et al., 2012). Indeed, the enzymatic 

characterization revealed that AtMan5-6 depolymerized glucomannan and 

galactomannan equally efficiently. The AtMan5-2 transcript is also abundant 

in stems and seeds, but the gene is upregulated in the heart-stage embryo 
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seed coat during mucilage formation. Glucomannan has been recently 

identified in both the Arabidopsis seed coat mucilage and the stem, and the 

studies of the recombinant AtMan5-2 showed that the mannanase preferred 

to hydrolyze glucomannans. Thus, AtMan5-2 probably modifies 

glucomannans during xylem development and mucilage formation during 

seed coat development. 
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Conclusions 
This thesis describes the discovery and investigation of GH5 enzymes with 

potential use in biomass conversion. The first part of the work introduces a 

new bioinformatics-based subfamily classification of the diverse GH5 family 

classifying 4/5 of the family members into either one of the 43 newly defined 

or the 10 previously described subfamilies. The launch of this additional 

hierarchical level of GH5 enzyme classification combined with biochemical 

data provides: (1) novel evolutionary insights of this family; (2) a tool to 

predict enzyme functions; and (3) an opportunity to discover novel potential 

targets in unexplored subfamilies. The work is available for public and 

scientific communities at the CAZys website (www.cazy.org). 

 

The second part of the thesis describes enzymatic characterization of three 

Arabidopsis GH5_7 mannanases. These target enzymes came from different 

subclades of the plant GH5_7 subfamily and showed distinct biochemical 

properties, suggesting catalytic and functional diversification of Arabidopsis 

mannanases. AtMan5-1 was the only investigated mannanase that exhibited 

translycosylation activity. AtMan5-2 had catalytic preference for 

glucomannans, whereas AtMan5-6 showed high catalytic efficiency for 

conversion of glucomannan and galactomannan. Overall, this work not only 

gives an insight of plant GH5_7 evolution but also paves the way for further 

exploration of plant glycoside hydrolases with potential use in biomass 

conversion. 
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